Abstract. The Infrared Atmospheric Sounding Interferometer (IASI) system provides infrared soundings of moisture and temperature profiles, as well as soundings of chemical components. These measurements play a key role in atmospheric chemistry, global change, and climate monitoring. The instrument, developed by a cooperating agreement between European Organisation for the Exploitation of Meteorological Satellites and Centre National d'Études Spatiales, is implemented on the Metop satellite series. The instrument data production rate is 45 Mb∕s while the transmission rate allocated to IASI measurements is 1.5 Mb∕s. It is thus necessary to implement a significant part of the IASI data processing on-board the instrument. We investigate the information statistics of IASI L0 data once the on-board processing chain is finished. We analyze order-0 entropy, and order-1, order-2 and order-3 conditional entropies, where conditional entropies assess both the spectral and the spatial joint information. According to the simple order-0 entropy, at least one bit per sample could be spared if a variable-length code was employed. We also investigate the actual performance of different lossless compression techniques on IASI L0 data. The CCSDS-123, JPEG-LS, and JPEG2000 standards, as well as M-CALIC coding technique are evaluated. Experimental results reveal that IASI Level 0 data can be coded by a compression ratio above 2.6:1.
Introduction
IASI is an Infrared Atmospheric Sounder Interferometer that provides atmospheric spectra to the scientific and meteorological communities. It is a key element of the payload on the Metop series of European meteorological polar-orbiting satellites. IASI represents a significant scientific and technological step forward that provides meteorologists with atmospheric emission spectra to derive temperature and humidity profiles with a vertical resolution of 1 km and an accuracy of within 1 K for temperature and 10% precision for humidity measurements. 1 IASI instrument scans the Earth's surface in step and stare mode, harvesting atmospheric soundings on both sides of the vertical line, producing fields of view (FOVs). Each FOV consists of four full spectra, where each spectrum represents a single circular pixel of the scanned image; 2, 3 all pixels are captured in the same way. Complete coverage of the Earth orbit is carried out by scanning lines at regular intervals. Each scanned line consists of 30 FOVs. Figure 1(a) , reproduced from Ref. 4 , shows the modus operandi of the IASI instrument. Each scanned pixel represents 12 km of the Earth's surface. 3 Pixels are spaced by approximately 12 km so that each FOV represents nearly 50 km of the Earth's surface at the nadir position. Figure 1(b) shows the structure and the pixel numbering of an FOV, 5 while Fig. 1 (c) reports the size of the Earth's surface scanned by an FOV.
The IASI instrument provides infrared spectra with high resolution between wavelengths 645 and 2760 cm −1 . The spectral resolution required from IASI after apodisation is equal to 0.5, i.e., 0.25 cm −1 before apodisation. This represents a challenge because today's technology does not produce detectors having the required performance. It is necessary to implement three different detectors per pixel-providing three different sub-bands (B1, B2, and B3)-to supply the required spectral range. 2 The nominal limits of each sub-band are reported in Fig. 2 (a). However, this approach produces high noise levels in sub-band edges, as shown in Fig. 2(b) , reproduced from Ref. 2 , which leads to a band merging process to reduce the increased noise. This way, edges on sub-bands B1/B2 and B2/B3 are combined, resulting in a spectra less noisy than the original, but keeping the required spectral resolution (645 to 2760 cm −1 ). While the IASI data production rate is 45 Mb∕s, the transmission rate allocated to these instrument measurements is 1.5 Mb∕s.
6 Accordingly, it is necessary to implement a significant part of the IASI data processing on-board the instrument. An inverse Fourier transform and a radiometric calibration are performed on-board to reduce the size of the data to be transmitted. The spectral data are then encoded before being sent to the reception stations. This part of the IASI processing chain is known as Level 0.
The sensor captures 8359 spectral bands for each pixel, producing 8359 samples. These samples are split into 522 ranges of 16 bands each one and 1 range of 7 bands (the last one). Each sample is quantized then coded as a natural number using a fixed number of bits (from 6 to 10 bits, depending on the range) before its transmission to ground. The number of bits for (a) (b) (c) each sample was chosen to respect the NedT (Noise Equivalent Delta Temperature) degradation specification. In the end, spectral data are transmitted in the form of a bit-stream. This method provides simplicity and a fixed bit-rate output, but presents risks of overflow and its performance is suboptimal. This choice was implemented in the instrument because most of the processing power in the dedicated electronic unit was devoted to perform the Fourier transform.
The different processes performed on-board the satellite are described in Tournier et al., 6 where mathematical and physical contents of the IASI Level 0 processing algorithms are detailed. Different algorithms are run in real-time in order to complete the on-board processing chain. 2 Currently, the IASI instrument is able to transmit an average of 8.2 bits per spectral sample without loss of useful information. 6 However, information statistics of IASI L0 data once the onboard processing chain is finished suggests that a smaller number of bits per spectral sample might be needed in practice.
IASI L0 data are not considered as end-user data, therefore, they are not publicly available. To the best of our knowledge, no compression study beyond those related to the design of the instrument has been carried out.
This paper investigates the modification of the Level 0 processing chain such that improved data transmission rate could be provided. We analyze the information statistics of IASI L0 data before being sent to the ground. We study order-0 entropy, and order-1, order-2, and order-3 conditional entropies, where conditional entropies assess both the spectral and the spatial joint information. According to the studied contextual models, theoretical results suggest that between one and seven bits per sample might be spared if a variable-length code was employed.
The rest of the paper is organized as follows: Sec. 2 presents the theoretical results about different order-n entropies for two sets of IASI L0 images. Section 3 presents the experimental results of IASI L0 data compression using different techniques: CCSDS-123, JPEG-LS, and JPEG2000 standards, and M-context-based adaptive lossless image coding (M-CALIC) coding technique. Section 4 concludes the paper.
Entropy Analysis on IASI L0 Data
The information statistics analysis is performed on a corpus of 16 three-dimensional images consisting of a set of eight images from European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) and a set of eight images from Centre National d'Études Spatiales (CNES). Since raw data produced by the instrument are not available on ground, all the analyzed images are mounted using spectral data once the on-board processing chain is finished. All volumes are mounted using data sent from satellite to reception station before any further processing on ground. As explained, the on-board processing chain encodes each sample using a fixed number of bits, from 6 to 10 bits depending on the range, i.e., all samples belonging to a given range-and, thus, all samples from the same spectral component-are encoded using the same number of bits.
The entropy analysis presented in this paper comprises order-0 entropy, order-1 conditional entropy, order-2 conditional entropy, and order-3 conditional entropy. Order-0 entropy is computed as described in Eq. (1), where pðxÞ represents the probability of occurrence of symbol x:
The conditional entropy assesses the spatial and/or spectral joint information. Equation (2) provides the definition for order-1 conditional entropy. Order-2 conditional entropy and order-3 conditional entropy are defined accordingly. To get consistent results, only pixels having all the required contexts shall be analyzed. In this way, the first row and the first and the last columns in a component are not considered for entropy computation as their pixels lack some neighboring context. Regarding the spectral dependencies, only the last 14 components in each range are analyzed, again because of some lacking neighboring contexts for the first two components. Figure 4 provides an example of the entropy distribution for a single range (range 11) for two of the analyzed volumes (EUMETSAT 1 and CNES 1). Range 11 comprises bands from 161 to 176 (both included), with all components coded with 9 bits per pixel (bpp). Columns in the graph correspond to different order-n entropies (contexts). Marks in columns represent the entropy of a single component. As explained, only 14 marks per column are plotted.
Because of space constraints, only plots corresponding to two images are reported. This same analysis is performed for all ranges (523) for each of the 16 images (EUMETSAT and CNES). The results indicate that the entropy distribution follows a very similar pattern in each range in all images. This behavior is common to images from both EUMETSAT and CNES corpus, the latter having a much larger number of rows. Even though the particular entropy values may differ, the entropy distribution of the different studied contexts is very similar, suggesting that the performance of the selected contextual model is similar for all IASI L0 data. Tables 2 and 3 report the results of the entropy analysis in the studied images. The different entropy columns provide the average entropy for all components in an image. Entropy is computed on a per component basis. The average entropy is calculated to determine the theoretical average number of bits per pixel needed to encode the whole image.
Currently, the on-board processing chain implemented in the instrument allows the encoding of the IASI L0 data using, on average, 8.2 bpp before being transmitted to reception stations. The theoretical order-0 entropy analysis illustrates that the images from EUMETSAT and CNES could be coded using, on average, 5.96 and 6.35 bpp, respectively. This implies that 2.23 and 1.84 bpp might be spared in images from EUMETSAT and CNES, respectively, if a simple variable-length code was employed. In the worst case, for EUMETSAT images, which have approximately 150 rows, at least 1.73 bpp could be spared; for CNES images, which have approximately 1500 rows, at least 1.62 bpp could be saved.
These gains could be higher if contextual models were used. When one pixel belonging to the same spatial component acts as the context, on average, 4.45 bpp (images from EUMETSAT) and 3.98 bpp (images from CNES) might be saved. If spectral contexts, i.e., the colocated pixel in a previous component, were used, it would be possible to spare, on average, 5.05 bpp in the case of images from EUMETSAT and 4.90 bpp for CNES. In the worst case, considering any order-1 context, 4.13 and 3.78 bpp at least might be spared in images from EUMETSAT and CNES, respectively.
These results are further improved when order-2 conditional contexts are used. Taking as context the colocated pixels in the previous and the next to previous component allows us to spare, on average, 6.18 bpp in images from EUMETSAT and 5.59 bpp in images from CNES. The savings are greater when order-2 left and top pixel context are used. In this case, on average, 6.42 and 5.63 bpp could be saved in images from EUMETSAT and CNES, respectively. In the worst case, using any order-2 conditional context, 5.96 bpp might be saved in images from EUMETSAT and 5.57 bpp might be spared for CNES.
Nevertheless, the best results are obtained when order-3 conditional contexts are used. When one spatial neighboring pixel (the left or the top) and two spectral neighboring pixels (the colocated pixels in the previous and in the next to previous components) are used as context, it would be possible to save, on average, 7.36 and 6.76 bpp in images from EUMETSAT and CNES, respectively. When two spatial neighboring pixels (the left and the top) and one spectral neighboring pixel (the colocated pixel in the previous component) are used as context, on average, 7.46 bpp (images from EUMETSAT) and 6.94 bpp (images from CNES) could be saved.
In general, using any contextual model improves the entropy results. Figure 5 (a) compares order-0, order-1 conditional entropy, order-2 conditional entropy, and order-3 conditional entropy in the image EUMETSAT 1, along with the original bit-depth. Figure 5(b) shows the same comparison for image CNES 1. To ease the visual interpretation, only one curve for order-1, order-2 and order-3 entropy is plotted, namely the one providing the best performance on average, i.e., one previous component context for order-1, left and top context for order-2, and left and top and one previous component context for order-3. These plots show the average entropy per range, i.e., the X-axis represents the 523 ranges in which a spectrum is divided, and the Y-axis represents the average entropy per range. Due to space constraints only two graphics are plotted. The results in the other images are almost identical to those shown here.
One can see how order-0 entropy already outperforms the current bit-depth in IASI L0 data. Comparing the different entropies, as expected, order-3 conditional entropy yields the best results in terms of bit rate in all ranges, followed by order-2, then order-1, and finally order-0. We also note that, for ranges between 398 and 431, order-0 is very similar to order-1, order-2, and order-3 conditional entropies.
Although, in general, order-2 left and top pixel context outperforms order-1 one previous component context in most ranges, this order-1 does yield lower entropy for ranges between Table 2 Context-based entropy analysis of IASI L0 data from EUMETSAT. Reported results in bpp (lower is better).
IASI L0 product
Order-0 430 and 523; in these ranges, spectral contexts yield better performance than spatial contexts (notice that we are comparing order-1 spectral against order-2 spatial). For these same ranges, from 430 to 523, order-2 spectral context also outperforms order-2 spatial context. Obviously, order-2 spectral context is better than order-1 spectral context. For all the other ranges, order-2 spatial context is better than order-2 spectral context.
Compression of IASI L0 Data
In this section, we investigate the actual performance of different lossless coding techniques and standards on the two sets of IASI L0 data introduced earlier. The performance of the new CCSDS-123 standard, the M-CALIC technique, the well-known JPEG-LS, and JPEG2000 standards for IASI L0 lossless data compression is tested.
The recently approved CCSDS-123 standard 7, 8 provides a competitive performance with a low computational cost for a large variety of multi-, hyper-, and ultraspectral data. CCSDS-123 is a prediction-based coding technique specially designed to operate on-board satellites. CCSDS-123 operates in a two-stage mode. In the first stage, an estimate of the current pixel is performed and used to compute a prediction residual. In the second stage, this prediction residual is first mapped to an integer and then encoded with a Golomb code.
M-CALIC 9 is a lossless and near-lossless compression technique for hyperspectral images based on CALIC. 10 The algorithm uses a multiband spectral predictor along with optimized model parameters and optimization thresholds. Correlation between bands by employing the two previous bands of the current line is exploited.
JPEG-LS 11 is a two-dimensional low-complexity lossless and near-lossless compression technique that operates in a two-stage mode, modeling, and encoding. It is specially designed to be simple and fast. JPEG2000 12, 13 is an international standard developed by the Joint Photographic Experts Group (JPEG). It is intended as the successor of JPEG in many of its application areas due to its superior compression performance.
Here, JPEG-LS and JPEG2000 are tested together with pairwise orthogonal transform (POT) for spectral image coding.
14 POT is based on the application of a divide-and-conquer strategy for the KLT, 15, 16 where the resulting transform is a composition of smaller KLT transforms. In a full KLT, all components are decorrelated with each other independently of how much energy they share. In contrast, the proposed POT has a structure that decorrelates parts with high shared energy while ignoring the other parts, as parts with low energies have a lower influence in the coding performance.
14 POT is used in the tests to perform a spectral transform before applying JPEG-LS or JPEG2000.
Although samples have an actual bit-depth precision from 6 to 10 bits, for storing purposes, each sample is stored in 2 bytes (16 bits As for the parameters employed in the experiments, CCSDS-123 lossless coding technique includes several user-specified configuration parameters. Here, we resort to default parameters as suggested in Ref. 8 . In the last approach, once POT has been applied for spectral transform, JPEG2000 performs two levels of DWT spatial transform. Tables 4 and 5 report the performance of CCSDS-123, M-CALIC, POT þ JPEG-LS, and POT þ JPEG2000 for lossless compression of IASI L0 images.
The performance of CCSDS-123, M-CALIC, and POT þ JPEG2000 is very similar, while POT þ JPEG-LS yields worse results. Although not reported here, applying a POT before JPEG-LS helps improve the performance of JPEG-LS by about 0.9 bpp.
On average, a compression ratio of 2.656:1 and 2.846:1 can be achieved for, respectively, EUMETSAT and CNES images using either CCSDS-123, M-CALIC, or POT þ JPEG2000. Compression ratio has been computed considering the length of the original image bit-stream and the length of the compressed codestream.
Related to entropy results reported earlier in Tables 2 and 3 , order-2 entropy analysis indicated that, on average, images from EUMETSAT and CNES might be coded using about 1.89 and 2.58 bpp, respectively. Here, we see that CCSDS-123, M-CALIC, and POT þ JPEG2000 allows one to compress these images using, on average, 3.08 and 2.87 bpp, respectively, which is very close to the theoretical optimal compression when order-2 context is usedat least for CNES images, which have a larger row size and may better represent the average performance. CCSDS-123 is especially designed to operate on-board satellites. It has low computational requirements and acceptable performance. The transmission rate for IASI Level 0 data could be further decreased, or even some more data could be transmitted at the original transmission rate if CCSDS-123 was considered as a candidate for on-board lossless compression of IASI L0 data. M-CALIC and POT+JPEG2000 also achieve good performances, but their computational requirements are higher.
A brief discussion follows on the potential of integrating CCSDS-123 in the IASI on-board processing chain. The IASI instrument has a data production rate of 45 Mbit∕s at varying sample bit depths, and it has a total power consumption of 210 W. 17 The fast lossless compressor, on which the CCSDS-123 standard is based, has been implemented by Aranki et al. in XILINX VIRTEX IV and VIRTEX V FPGAs. [18] [19] [20] The authors report an implementation capable of operating at 40 Msample/s with a power consumption of 700 mW, which seems to fit the requirements of the IASI instrument.
Conclusion
The IASI is a key element of the payload on the Metop series of EUMETSAT. The instrument provides atmospheric spectra to derive temperature and humidity profiles to the scientific and meteorological communities. The data production rate in the instrument is 45 Mb∕s while the transmission rate allocated to IASI measurements is 1.5 Mb∕s. Consequently, a significant part of the IASI data processing is performed on-board the instrument before transmitting data to reception stations. In this paper, we analyzed the potential of entropy coding in IASI L0 data. A theoretical analysis of order-0 entropy, order-1 conditional entropy, order-2 conditional entropy, and order-3 conditional entropy, where conditional entropies assess both the spectral and the spatial joint information, was performed. This analysis yielded that at least 1.6 bpp might be saved if a simple variable-length code was employed. The best results were obtained when order-3 contextual models were used, saving at least 6.7 bpp.
We also investigated the performance of different lossless compression techniques on IASI L0 data. The recent CCSDS Recommended Standard for Lossless Multispectral & Hyperspectral image compression (CCSDS-123), the JPEG-LS, and JPEG2000 standards and the M-CALIC coding technique were evaluated. Experimental results suggested that, on average, a compression ratio of 2.6:1 could be achieved for images with approximately 150 rows. The performance was even better for larger images (approximately 1500 rows), reaching a compression ratio of 2.8:1.
Given that CCSDS-123 is a competitive and efficient coding technique whose hardware implementation is amenable to satellite probes, a particularly interesting point to consider in the future could be the potential of CCSDS-123 on IASI raw data, i.e., even before the onboard processing chain has taken place, as the on-board processing introduces loss because a quantization is carried out. It might be worth investigating whether CCSDS-123 lossless compression could be applied on original IASI raw data, thus enabling transmission of data that has not gone through any irreversible processing.
